The paper represents the experimental work of strengthening prestressed concrete (PC) beams having strands ruptured at the midspan using externally bonded carbon fiber reinforced polymer (CFRP) sheets. The effects of different parameters as the sheet lengths, number of the bonded sheets and attaching schemes on the flexural performance were investigated. The flexural capacity of the strengthened beam having 50% ruptured strands was enhanced up to 167.3% compared to that of the undamaged PC beam. The outcomes exhibited that both the number of layers and the lengths of CFRP sheets affected the failure behaviors as well as the flexural capacity of the strengthened PC beams. The increase in the number of sheets resulted in the reduction of tensile stress resisted by the remaining prestressing strands. However, the increase in the number of sheets with insufficient sheet lengths did not provide a higher flexural strength because the failure mode was transformed from the debonding induced by the flexural cracks in the constant moment region to the debonding from the sheet ends. The increase in the sheet lengths not only prevented the latter failure but also significantly improved the beam stiffness. More importantly, the debonding of the sheets was avoided by wrapping the transverse sheets for the whole beam span. The prediction of the flexural strength of the strengthened PC beams based on the guidelines of ACI, JSCE and fib exhibited a good agreement with small total thickness of the bonded sheets. However, the equations in the guidelines were conservative when the total thickness of the bonded sheets was large.
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INTRODUCTION
Recently, the deterioration of prestressed concrete (PC) beams because of various factors such as chloride attack, insufficient grout or external impact (overheight vehicles) that lead to the ruptures of strands or tendons has become a concern in many countries. The prestress loss due to the strand ruptures causes an excessive reduction of flexural capacity as well as member stiffness. The damaged members are required to be immediately retrofitted. There are some conventional strengthening methods 1) to deal with this problem such as strand splices, external post-tensioning tendons or steel plate jackets. However, the implementation of these methods requires large equipment and consumes a lot of time and labor. Moreover, since the strengthening materials are made of steel, they are not ensured to be protected from future corrosion. It has led to the challenge of developing a practically feasible strengthening method, which provides not only effective enhancement of structural performance but also safety for prolonged use.
The application of various types (bars, grids, meshes or sheets) of fiber reinforced polymers (FRPs) in construction has been increased in the last 20 years 2), 3) . Carbon fiber reinforced polymer (CFRP) sheet, is a type of FRP, which gains strength by impregnating carbon fibers sheets with a polymer matrix composite material. The major advantages of CFRP sheets include high tensile strength and corrosion resistance, ease of construction and less impact to the original geometry. Thus, CFRP sheets are widely used for multipurpose retrofitting of reinforced concrete (RC) members by bonding to the external surfaces. In case of flexural strengthening, the sheets are bonded externally to the tension face of the members so that the high tensile strength of CFRP sheets can be utilized. This method is carried out within a short time, without using heavy equipment compared to the conventional methods. Besides, the provisions of the guidelines for design and construction of structural members strengthened by FRP sheets in many countries and international associations (USA 4) , Japan 5) , fib 6) , etc.,) prove their great contribution in broadening the application of the new strengthening method, although the prediction for failure occurrences has been still conservative 7) , 8) .
On the other hand, most of the previous studies have focused on the effects of the externally bonded sheets on the flexural performance of RC beams 9) -13) .
To date, little attention has been paid to the behaviors of the damaged PC beams strengthened by externally bonded CFRP sheets. The existing studies 14)-16) have shown the promising effectiveness of this strengthening method on improving the flexural strength of PC beams. Nevertheless, the influences of many affecting factors have not been discussed thoroughly. For the feasibility of applying this strengthening method to a PC beam having ruptured strands, there is a need to further understand the flexural performance as well as the failure mechanisms with respect to different parameters.
In this regard, this study aims to investigate the effects of the externally bonded CFRP sheets on the flexural performance of pretensioning PC beams whose strands were partially ruptured at the middle of the span. The experimental parameters were the lengths of CFRP sheets, the number of CFRP sheet layers, the presence of U-shaped transverse anchorage sheets for the longitudinal sheet ends and the transverse wrapping sheets. The effects of each parameter were examined and the failure mechanisms of the strengthened beams were clarified.
EXPERIMENTAL PROGRAM (1) Details of PC beams
The details of PC beams are given in Fig. 1 . Three types of specimens were prepared including undamaged beam (or control beam (CB)), damaged beams having one ruptured strand (DB1) and damaged beams having two ruptured strands (DB2).
As for CB, four prestressing strands were arranged in two layers in the tension zone. The prestressing strand consisted of seven wires, with nominal diam- The prestressing strands were pretensioned with the initial stress of 1,075 N/mm 2 . In the compression zone, two deformed bars with nominal diameter of 9.53 mm (D10) were provided. Also, the D10 deformed bar stirrups were provided to prevent shear failure. The spacing of the stirrups is shown in the figure.
For the damaged PC beams, in order to simulate the rupture of the prestressing strands, a portion of concrete with 100 mm length and 50 mm height was made void at the middle of the span. Two strands were exposed at the bottom side at this portion (section A-A, Fig. 1 ). The exposed prestressing strands then were cut using a steel cutting blade. For bonding CFRP sheets, the concrete section at the midspan was restored to the original rectangular shape by a high-strength cementitious polymer mortar.
(2) Experimental cases
The experimental cases are listed in Table 1 . A total of 15 specimens were tested, which were categorized into four groups: reference cases and the strengthened cases (series I to III). The reference cases include CB, DB1 and DB2, which were not strengthened by the CFRP sheets. The layouts of externally bonded CFRP sheets in the strengthened cases are illustrated in Fig. 2 . In series I, one layer of CFRP sheet with different lengths was bonded to the bottom face of the PC beams having 25% of the prestressing strands ruptured. In the damaged PC beams, the ruptures of prestressing strands cause a drop of the prestress within a length. The CFRP sheet was provided to cover the length where the prestress was lost. The sheet was lengthened in consideration of the extension of the length where the prestress was lost under bending. In case 7, the additional one-layer U-shaped transverse sheets were provided at both ends of the longitudinal sheets to prevent debonding from the sheet ends. The objects of the strengthening in series II and III were the PC beams where 50% of strands were ruptured (DB2). In series II, the damaged beams were strengthened with the different numbers of sheet layers (from one to five layers) in the same length. The influences of the sheet lengths and one-layer transverse wrapping sheets with the large number of the longitudinal sheets were studied in series III. With the increase in the number of sheet layers, the load capacity was expected to increase. In that case, the sheet length was extended in order to reduce the tensile stress induced by the bending moment at the sheet ends.
The names of specimens indicate the damaged beam (DB1 or DB2), the length of longitudinal CFRP sheets in centimeter, the presence of one layer of the U-shaped anchorages (U) or the wrapping sheets (W), and the number of layers of the longitudinal sheets and the type of CFRP sheets.
(3) Material properties
The concrete was designed with the average 28-day cylinder compressive strength of 55 N/mm 2 . The tensile strength and yield strength of prestressing strand were 1,894 N/mm 2 and 1,722 N/mm 2 , respectively. The deformed bars having yield strength of 370 N/mm 2 were used for compression reinforcement and the stirrups. The 28-day compressive strength of the restoring mortar was 50.2 N/mm 2 . The unidirectional CFRP sheets were used and bonded to the concrete surface using an epoxy resin. The properties of CFRP sheets are given in Table 2 .
(4) Fabrication procedure
The longitudinal CFRP sheets were bonded to the bottom face of the beams oriented to the beam axis by a wet-layup procedure. The U-shaped sheets were bonded in the transverse direction with the same method. First, the concrete surfaces were slightly polished to make them smooth and remove the degradation layer. Then, a surface primer was applied. After that, a CFRP sheet was bonded to the concrete surface by impregnating and hardening with the epoxy resin. The air bubbles between the concrete surface and CFRP sheet were removed by roller brushes. When the number of layers of CFRP sheets was greater than one, the last two steps were repeated until all layers were pasted. Finally, a coat layer of impregnating resin was painted. The specimens were cured in room temperature for at least seven days before the loading tests.
(5) Instrumentations and loading methods
Before casting of concrete, the strain gauges were bonded to the prestressing strands to measure strains before, after cutting strands and during the loading test. In Fig. 1 , the solid blue rectangles denote the locations where strain gauges were attached to the prestressing strands. At each location, three strain gauges were attached on the three different wires. The strain at one location was taken as the average value obtained from these three measurements.
The linear variable differential transducers were used to monitor the vertical displacements of specimens. Two transducers were set at the midspan and the other two were located at two supports. In addition, the strain gauges were attached to the top fiber of concrete at the midspan and along the bonded sheets in order to obtain the compressive strains in the concrete and the tensile strains in CFRP sheets. The typical arrangements of the gauges along the different bonded sheet lengths are given in Fig. 3 . The crack openings in the constant moment region were measured by using -gauges as shown in Fig. 2 .
The specimens were subjected to a static four-point bending by a 1000 kN loading machine. All of the measurements were recorded automatically through a data logger with the time interval of three seconds. The crack propagations were drawn and marked at each load level during the loading Table 3 summarizes the experimental results of all tested specimens in terms of the compressive strength of concrete, the cracking load, the ultimate load and the failure mode. The strengthening effects of each parameter of the bonded sheets are discussed as follows:
RESULTS AND DISCUSSIONS
(1) Flexural capacity and stiffness a) Loss of flexural strength due to strand ruptures Figure 4 shows the load-deflection curves of the damaged beams in comparison to CB. As can be seen, the rupture of the prestressing strands at the middle of the span of 25% in DB1 and 50% in DB2 led to the proportional reduction of 25% and 53% of the flexural strength. The ultimate load decreased from 142.6 kN in CB to 106.5 kN in DB1 and 66.7 kN in DB2. Furthermore, the dramatic changes in the slopes of the curves indicated the decline of the member stiffness in both the pre-cracking and post-cracking regions when the strands were ruptured. It was certain that the reduction of flexural capacity and the stiffness in the damaged PC beams were accompanied by the loss of strand areas in the midspan section. b) Effects of the sheet lengths and U-shaped anchorage sheets when the small number of CFRP sheets are bonded (series I) Figure 5 demonstrates the load-deflection curves of the PC beams having one cut strand (DB1) strengthened by one layer of CFRP sheet with dif- : ultimate load of control beam (CB). ferent lengths and in case of the additional U-shaped anchorage sheets provided. As can be seen, the strengthened beams showed a similar behavior until the ultimate load. Because the concrete sections at the midspan were restored and the sheets were bonded, the cracking loads in the strengthened beams were enhanced from that of DB1. Nevertheless, there was no remarkable improvement of the cracking loads with the respect to the increase in the sheet lengths. From data given in Table 3 , the ultimate loads of the damaged PC beams strengthened by one layer of CFRP sheet were enhanced up to 12% compared to DB1. However, the increase in the sheet lengths and presence of U-shaped anchorage sheets did not show a noticeable effect on the ultimate loads.
c) Effects of the number of CFRP sheets (series II)
Among PC beams having two ruptured strands strengthened with different number of CFRP sheets in the same length, the beams bonded with three layers of CFRP sheets presented the highest ultimate load of 130.5 kN, which made up 91.5% of the ultimate load of CB. The increment of the ultimate loads was associated with increase in the number of layers up to three layers; whereas, the results obtained in the beams strengthened by four and five layers did not follow this tendency. The ultimate loads of those specimens exhibited a slight decrease from that of the beam strengthened with three layers of CFRP sheets.
The relationships between the applied load and the deflection at the midspan of the specimens in series II compared to that of CB and DB2 are shown in Fig. 6 . Up to three layers of the bonded sheets, the decrease in the midspan deflections was accompanied by the increase in the number of CFRP sheet layers. Thus, the post-cracking flexural stiffness of the strengthened beams represented by the slopes of the curves, was significantly enhanced from that of DB2. d) Effects of sheet lengths and transverse wrapping sheets when the large number of CFRP sheets are bonded (series III) Unlike the results of series I, the outcomes of series III showed a dramatic enhancement in the flexural strength of the beam strengthened with the longer five-layer sheets. It can be seen from the data in Table 3 that the ultimate load went up from 119.1 kN to 175.1 kN when the lengths of five-layer CFRP sheets varied from 1000 mm to 2000 mm. It can be noted that the ultimate load of DB2-200U-5b was 23% greater than that of CB.
The load-deflection curves given in Fig. 7 demonstrate a noticeable effect of the sheet lengths on the improvement in the post-cracking stiffness of the strengthened PC beams, particularly, when the applied load was over 90 kN. Up to 90 kN, the curves of the PC beams strengthened by five layers with the different lengths approximately similar. After 90 kN, the deflection of DB2-200U-5b became much smaller than that of DB2-100U-5b and rather smaller than that of CB at the same load levels. This behavior resulted from the restraining effect of the bonded sheets on the opening of the cracks along the span. When the load was less than 90 kN, the cracks formed within the length of 1000 mm in the middle of the span. When the applied load was over approximately 90 kN, the cracks formed and widened in the further portions towards the supports, which were restrained in DB2-200U-5b, but were not in DB2-100U-5b and CB.
The effect of the wrapping sheets on the load-deflection curves of the beams strengthened with four layers of CFRP sheets 1000 mm long is illustrated in Fig. 8 . As can be seen, there was no notable difference in the ultimate loads, as well as in the stiffness of the two strengthened beams. Nevertheless, when the beam was wrapped for the whole span by longitudinal sheets, the effect was recognizable. The ultimate load of specimen DB2-284W-5b went up to 238.5 kN, accounting for a substantial increment of 67% compared to the flexural strength of CB. Moreover, at the same load levels, the midspan deflection of this specimen was competitively small compared with the other PC beams strengthened with the same number of CFRP sheet layers (Fig. 7) . Probably, the wrapping sheets effectively enhanced the beam stiffness, thereby increasing the flexural strengths of the strengthened PC beam.
(2) Behaviors of ruptured strands Figure 9 illustrates the behavior of the prestressing strands in the specimens before and after the cutting of the strands and in the responses to the loads. After the prestressing strands were cut, the strains in the strands dropped immediately near the cutting point (midspan). The prestress was reduced gradually in a certain length from the edge of concrete until the effective stress, namely the transfer length, was reached. During the loading, no significant increment of the tensile strains within the transfer lengths in the cut strands was recorded. Meanwhile, in the portions further than the transfer lengths from the cutting points, the strains increased considerably with the load up to around 90 kN. It was apparent that in the portions where the effective prestress remained in the cut strands, the prestressing strands still contributed to carrying the tensile stress.
However, the behavior of the cut strands turned to be complicated during further loading. There was a notable reduction of the strains in the cut strands within and in the vicinity of the tranfer length at the ultimate loads. It is likely that the formation of a number of cracks, which crossed the strands, under the bending strongly influenced the strand behavior. The increased load led to the widening of the cracks that reduced the bond between the prestressing strands and concrete. As a result, prestress in the cut strands was partially released. Hence, to obtain the highest effectiveness of the strengthening, the debonding of the ruptured prestressing strands in the vicinity of the transfer length needs to be further prevented.
(3) Tensile strains in the remaining prestressing strands Figure 10 a) demonstrates the effect of the bonded CFRP sheets on reducing the increment of the tensile strains at midspan of the remaining prestressing strands (red circle) in series I. Since the bonded CFRP sheets participated in carrying the tensile stress with the internal prestressing strands in the strengthened beams, the increment of tensile strains of the remaining strands was decreased at the same load levels. Despite this, the effect of the sheet lengths on the reduction of the strain of the remaining prestressing strands was not found.
The effects of the number of CFRP sheets (series II) on the tensile strain increments at the midspan of the remaining prestressing strands (red circle) are compared in Fig. 10 b) . The reduction of the strains was dramatic in the post-cracking regions. The increment of the tensile strains in the prestressing strands became smaller at the same load level when the number of CFRP layers was increased. In addition, the effect of the number of CFRP sheets on the strain reduction in the remaining prestressing strands possibly resulted in the decrease of the yielding load of strands (Fig. 10 c) ). The tensile strain reached the yielding strain ( y ) when the beam was strengthened with two layers of CFRP sheets. When the number of CFRP sheets was increased to three layers, the tensile strain in the prestressing strands was still far from reaching the yielding strain even if the ultimate load was greater in this specimen. Figure 11 a) compares the strain increments in the remaining prestressing strands of the beams strengthened by five layers of CFRP sheets with different lengths (series III). Similar to the results of series I, the increase in the length of the longitudinal sheets did not provide a noticeable improvement in the strain development when the same number of sheets was used. However, the utilization of the strands was higher when the longer sheets were bonded in this series. The remaining strands yielded at the ultimate loads in the cases of DB2-200U-5b and DB2-284W-5b, while the premature failure of debonding from the sheet end caused the imperfect utilization of the prestressing strands in DB2-100U-5b. Figure 11 b) illustrates the effect of wrapping sheets on strain development in the remaining prestressing strands of the beams strengthened by four layers of CFRP sheets with 1000 mm length. The increment of tensile strains was very similar in the two specimens up to the load of about 80 kN. After that, the tensile strain was slightly smaller in DB2-100W-4b than in DB2-100U-4b. Similarly, the gap between the curves of DB2-284W-5b and the other PC beams bonded with five-layer longitudinal sheets became larger with the applied load over 80 kN (Fig. 11 a) ). It was supposed that the wrapping sheets provided a confinement effect that restrained the shear slips at the interface between the concrete and the bonded sheets, which were induced under the bending. Hence, the bonded strength between the two components improved. As a result, the larger portion of the tensile stress was transferred to and resisted by the bonded sheets.
(4) Failures of composite actions and mechanisms a) Failures of composite actions
In the reference cases, while the control beam failed in flexure compression, the damaged PC beams failed in flexural tension where the prestressing strands yielded prior to concrete crushing. More interestingly, the strengthened beams failed through various ways.
In series I, except for a failure in the flexural tension in DB1-100-1a, the other strengthened beams failed by the debonding of the bonded sheets, which were induced by the flexural cracks in the constant moment regions. A comparison of the tensile strains measured along the bonded CFRP sheets at the ultimate loads of the specimens strengthened with different sheet lengths in this series is shown in Fig.  12 . In DB1-100-1a, the tensile strain in the bonded sheets reached the ultimate strain ( fu ) of CFRP sheet at the ultimate load. Hence, the sheet was ruptured in the constant moment region in the post-peak loading. As for the other specimens, the tensile strains in CFRP sheets were still far less than the rupture strain of CFRP sheet. In those specimens, the occurrence of the interfacial cracks that were initiated from the flexural cracks at the ultimate loads (Fig. 13) reduced the bond strength and decreased the stress transfer to the bonded sheets. Since the CFRP sheets could not be utilized to its full tensile strength, the flexural strengths of DB1-200-1a and DB1-284-1a were slightly smaller than that of DB1-100-1a. A similar debonding failure was also observed in DB1-100U-1a. Because the failure was initiated in the constant moment region, the increase in the sheet lengths to over 1000 mm and the presence of the U-shaped anchorage sheets for the longitudinal sheets did not improve the flexural strength of the Figure 14 illustrates the failures at different portions of the strengthened PC beams in series II. When the number of bonded sheets was less than three layers, the debonding of the bonded sheets occurred in the same manner as that in series I. However, in the case where the number of bonded sheets was equal or greater than three layers, the sheets were debonded from the ends of the longitudinal sheets. Because of the debonding, the bonded sheets were gradually disabled from carrying the tensile stress at the portion near the sheet ends. Thus, the tensile stress at this portion was resisted mainly by the internal prestressing strands. The rise in the tensile stress in the prestressing strands was followed by the rapid increase in the compression stress in the concrete at the top fiber of the section. The strengthened PC beams, then, failed when the concrete at the top fiber of the section near the sheet ends crushed (Fig. 15) . Figure 16 illustrates the development of compressive strains in the top fiber of concrete at two different locations. The locations of the strain gauges are shown in Fig. 14 . For DB2-100U-5b and DB2-100W-4b, in the beginning, the increment of concrete strain was faster at the midspan than at the end of the longitudinal sheets. After the load of around 90 kN, the strains at the ends increased rapidly and the curve changed its slope.
Consequently, at the ultimate load, the compressive strain at the sheet end where the debonding occurred nearly reached the ultimate strain of the concrete (assumed to be equal to 0.0035), while the strain at the midspan was much smaller. Additionally, the outcomes implied that the arrangement of one layer U-shaped anchorage sheets and the wrapping sheets of the longitudinal sheets was unable to prevent this failure when the large number of longitudinal sheets were bonded with the insufficient length.
The behavior of concrete compressive strains in DB2-200U-5b, however, was different when the longitudinal sheets were lengthened. The 
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Midspan Sheet end compressive strain at the sheet end remained small compared to that at the midspan until the ultimate load. By observation, the beam failed due to the debonding induced by the cracks in the constant moment regions. The debonding failure from the sheet ends when the large number of CFRP sheets was used, was possibly prevented. Figure 17 compares the behaviors of tensile strain in the cut prestressing strands in the specimens bonded with five layers of CFRP sheets with different sheet lengths. The location of strain gauges were 550 mm from the midspan, which was 50 mm away from the end of the bonded sheets in DB2-100U-5b. Up to about 90 kN, the strains increased similarly in two specimens. When the load was over 90 kN, the strain in the strand rapidly decreased in DB2-100U-5b. It can be seen to be in accordance with the rapid increase of the strain at the top fiber of concrete at the sheet end in this specimen (Fig. 16) . Hence, the failure occurred when concrete crushed near the sheet end portion. Whereas, in DB2-200U-5b, the longer sheets restrained the opening of cracks, the loss of prestress took place slowly and the failure at the sheet end was delayed.
More importantly, in the case of DB2-284W-5b, when five layers of CFRP sheets were bonded longitudinally and one layer of the U-shaped transverse sheet was provided for the whole beam span, there was no debonding failure. Actually, the failure of this specimen was a typical flexure tension failure in which the strands yielding happened followed by the crushing of concrete. Consequently, the behavior of this beam became more ductile than the others strengthened with five layers of CFRP sheets.
b) Mechanisms of debonding failures
The different failure behaviors were explained by an interfacial stress model 7), 17) introduced in Fig. 18 . The stresses acting in a concrete element near the interface between concrete and bonded sheets consist of interfacial shear stress (), interfacial normal stress ( y ), and tensile stress ( x ). The tensile stress at the bottom of the concrete section is due to a bending moment at a considered section, while the interfacial stresses show the high concentration at the end of the bonded sheets because of the discontinuity in flexural stiffness. The debonding of the bonded sheets is initiated when the principal stress, which is the combination of the three stress components, exceeds the strength of the weakest element.
The debonding induced by the cracks in the constant moment region, therefore, resulted from the growth of the stresses in this region. There were several factors leading to the increase in the stresses in the constant moment region. First, the yielding of the strands at the middle of the span (e.g., two layers, Fig. 10 c) led to the opening of the flexural cracks, which raised the interfacial stresses at the crack mouths (Fig. 19) . As discussed in section 3.(3), the increase in the number of CFRP sheets resulted in the reduction of the strains in the internal prestressing strands and decreased the yielding load. Thus, the number of the bonded sheets is in a correlation with the failure behavior.
Second, the occurrences of the inclined cracks which propagated from the edge of the concrete and the mortar portion to the bottom side were observed in the strengthened specimens (Figs. 13 and 14) . The phenomenon demonstrates that the stress acting in the concrete element near the free end of the ruptured strands in the constant moment region was not pure tension. It was presumed that the inclined cracks were caused by a vertical stress at the interface between the concrete and the mortar, and the horizontal stress resulted from the pull-out behavior of the ruptured strand under bending when the mortar portion functioned as a coupler at the free end of the strands. Both stresses grew with the increase in the applied load. Thus, the occurrence of the inclined cracks in the constant moment region should be fully considered in the future when designing the strengthening of PC beams having ruptured strands.
On the other hand, the debonding from the end of the longitudinal sheets (series II) was due to the high concentration of the stresses near the sheet ends. When a larger number of CFRP sheets was bonded, the higher stresses were induced near the sheet ends because of the larger discontinuity of the flexural stiffness. The experimental results of series II demonstrated that with the same sheet lengths, the debonding was generated in the PC beams strengthened with the larger number of CFRP sheets. Furthermore, the lengths of CFRP sheets in this series were a constant 1000 mm. The curtailments of the bonded sheets were located within the transfer length in which the strains decreased due to the ruptures. The loss of the stress in the cut prestressing strands within this length under the bending (discussed in section 3. (2)) caused a risk of raising the tensile stress in the concrete element near the sheet ends that accelerated the debonding. Moreover, the high shear and moment at the sheet ends strongly influenced the effectiveness of the U-shaped anchorage sheets and the wrapping sheets. Figure 20 illustrates the flexural-shear crack formed in the anchorage portion of DB2-100U-5b due to the high shear and moment. Similarly with the debonding in the constant moment region, the growth of the principal stress combined with the interfacial stresses, the normal and shear stresses in the concrete element near the crack mouth of the flexural-shear crack accelarated the debonding of the sheets. Due to the increase in the load, the debonding propagated upward and downward. The sheets were delaminated without an ample warning when the debonding reached the free end of U-shaped anchorage. Subsequently, when the above discussed circumtances were eliminated with the longer sheets in DB2-200U-5b (series III), the debonding from the sheet ends did not occur. The most striking result was obtained in DB2-284W-5b when the longitudinal sheets were lengthened close to the supports and one layer of the sheets was arranged transversely. The debonding failure did not take place once the factors causing debonding were well controlled in this specimen. First, the tensile stress at the curtailments of the longitudinal sheets was approximately zero, and the principal stress of the concrete element near the interface was significantly restricted. Second, the wrapping sheets made a significant contribution to enhance the bond strength between the concrete and the bonded sheets by restraining the shear slips at the interface. Furthermore, in the case of strengthening for PC beams having ruptured strands, the damaged section was restored by a mortar. Under bending, the vertical stress was possibly induced at the interface between concrete and mortar due to the different displacements of two portions. Then, the cracks were propagated around the mortar portion, which accelerated the debonding of the bonded sheets. The vertical stress was unexpected and it was difficult to be considered quantitatively in the design. As the wrapping sheets were attached in the transerve direction, they more likely resisted the undesirable vertical stresses. Hence, the combination effects of the sheet length and wrapping sheets probably maintained the effectiveness of the composite action.
PREDICTIONS OF FLEXURAL STRENGTH BASED ON RECENT GUIDELINES (1) Review of recent design guidelines
In the recent guidelines of ACI 4) , JSCE 5) and fib 6) , the same concept for computing flexural capacity of RC beams strengthened by externally bonded FRP sheets is presented, in which the conventional plane section analysis, strain compatibility and stress-strain relationship are adopted. The nominal flexural strength of a composite section consists of two components, which are the flexural capacities carried by the internal reinforcement and the bonded sheets. Table 4 provides a comparison of the above guidelines in terms of the material factor, allowable strain of concrete, reduction factor and verification . ACI 440.2R-08 4) and JSCE 2001 5) provide the simple equations (Eqs. (1) and (2), respectively) to limit the effective tensile strain or tensile stress in the bonded sheets in order to avoid debonding at the crack locations. ACI's equation is simple and practical, while the interfacial fracture energy adopted in JSCE's equation turns out to be an obstacle to design practice because bond strength tests are required. Besides, JSCE recommends to limit the difference in tensile stress in FRP between two flexural cracks to the value of the right side of Eq. (2) in the case of failure caused by the progress of interfacial fracture that started from flexural or shear cracking. Nevertheless, the determination of crack spacing has not been detailed in the JSCE recommendation. On the other hand, fib bulletin 14 6) provides several approaches to examine debonding at the anchorage and at flexural crack based on strain limitation for the sheet end, limitation of stress gradient between two cracks and shear force transfer limitation. The second approach is similar to the second verification by JSCE; however, the procedure for determining the limitation for stress increment in FRP is complicated because it is based on a simplified bilinear bond stress-slip relation whose bond tests are suggested. When the bond tests are not conducted, the coefficients are taken as certain values. In addition, fib proposes the equations to calculate the crack spacing (Eqs. (3) to (7)), which is assumed to be constant along the span.
The debonding strain ( fd ) proposed in ACI guideline 4) is as follows:
underestimation compared to the experimental flexural strength of DB2-200U-5b and DB2-284W-5b. It was apparent that the effect of the sheets lengths and wrapping sheets on the enhancement of the flexural stiffness has not been considered. Besides, the reduction factor of 0.85 for the reliability of the bonded sheets became conservative. For the same specimens strengthened by five layers, the flexural strength computed according to fib and JSCE guidelines overestimated the beam failure by debonding induced by flexural cracks (DB2-200U-5b). Likely, the adoption of the certain coefficients in both fib and JSCE equations were inappropriate for predicting the flexural strengh when the total thickness of the bonded sheets was large. On the contrary, the flexural strengths of the PC beams bonded with five layers of longitudinal sheets with additional wrapping for the whole span (DB2-284W-5b), which failed in flexural tension, were underestimated at 16%. Thus, the confinement effect of bonded sheets to the stiffness and the bond strength at the interface needs to be further addressed.
CONCLUSIONS
The investigation on the effects of the externally bonded CFRP sheets on the flexural performance of the pretensioned PC beams having ruptured strands has been presented. The results are summarized as follows: (1) The experimental results showed the significant effectiveness of the externally bonded CFRP sheet method on the enhancement of the flexural strength as well as on the improvement of the stiffness of the PC beams having ruptured strands. The flexural strength was enhanced up to 167% of that of the undamaged PC beam. (2) The increase in the sheet length does not influence the failure modes and the flexural capacity of the strengthened beams if the small number of CFRP sheets is bonded. With the large number of CFRP sheets, the longer sheets effectively restrain the crack openings along the bonded length, then, improve the flexural stiffness and strength. (3) The increase in the number of CFRP sheets results in the reduction of the tensile strain carried by the remaining strands; consequently, the yielding load of the strengthened PC beams is increased. The post-cracking stiffness of the strengthened beams is improved in relation to the increase in the number of layers. However, the increase in the number of the bonded sheets needs to be considered with the adequate sheet lengths to avoid debonding from the sheet ends. (4) Debonding from the sheet ends in the strengthened PC beams having ruptured strands is caused by high concentration of the stresses near the sheet ends because of the discontinuity in the flexural stiffness and high shear and moment at the curtailments of the bonded sheets. Furthermore, this study has pointed out that the reduction of prestress in the ruptured prestressing strands under bending affects the failure behaviors. (5) The effects of U-shaped anchorage sheets have not been seen clearly and need to be further investigated. With the small number of the longitudinal sheets, the U-shaped anchorage sheets played no role because the failure was in debonding induced by cracks in the constant moment region. Nonetheless, with the large number of sheets, the experimental results showed that with inadequate sheet lengths, one layer of U-shaped anchorage sheets or wrapping sheets was ineffective in preventing debonding from the sheet ends. (6) Given the same load level, the transverse sheets arranged for the whole span exhibit the notable effects on reducing the tensile strain in the remaining strands in comparison with the beam strengthened by the same number of sheets but without the wrapping sheets. The flexural stiffness and strength are enhanced significantly due to the confinement effect of the wrapping sheets. Moreover, the sheets wrapped in the transverse direction possibly carry unexpected vertical stresses, therefore, eliminate the risk of debonding. (7) The flexural strength predicted based on the guidelines of ACI, JSCE and fib presented a good agreement with the experimental results when the total thickness of the bonded sheets was small.
With the large thickness, the approaches proposed in the above guidelines exhibited a notable deficiency. Besides, the effects of the sheet lengths and wrapping sheets need to be further addressed in the design guidelines.
